Bruner is polymorphic and polytypic for a complex Robertsonian system. In this species, centric fusions induce changes in number and position of chiasmata, and thus potentially affect intrachromosomal genetic recombination and genetic variability. Males and females, from 23 populations covering most of the geographic range of the species and spanning 22 degrees of latitude, were studied. We analyzed chiasma frequency in relation to variability in six exomorphological characters. The chromosomal polymorphisms of D. pratensis are widely geographically distributed, and show a central-marginal pattern, in which the central populations (those occupying the ecologically optimal habitats) have high mean frequencies of different fusions per individual (F) of up to F = 3.00 and total chiasma frequencies as low as XT = 8.98 per cell, while those near the margins of the distribution (central Patagonia and the Andes) have very low levels of chromosomal polymorphisms [down to F = 0.00 in most geographically marginal locations), monomorphic karyotypes and high chiasma frequencies (XT = 11.66, in the southernmost (Rada Tilly, 45°57´S) and XT = 12.01 in the northernmost population (Volcán, 23°55´S)]. Increasing chiasma frequencies towards the margins of the range are positively and significantly correlated with increasing levels of morphological variability. The decrease in fusion polymorphism and the consequent increase in genetic recombination (both inter-and intrachromosomal) in the marginal areas, is a result of natural selection favouring higher levels of variability, which could be adaptive in ecologically harsher and changing environments.
INTRODUCTION
The widespread existence of chromosomal polymorphisms and polytypisms in natural populations of animal and plant species, is interpreted by several authors as a means of controlling genetic recombination (Carson, 1975; Shaw et al., 1986; Bidau, 1993; Korol et al., 1994; Bidau et al., 2001) . Genetic recombination is an important component of genetic systems, adaptation and speciation (Otto & Michalakis, 1998; Rieseberg, 2001; OrtizBarrientos et al., 2002) . It is well documented that the vast majority of structural chromosomal rearrangements induce changes in the number and position of chiasmata, thus potentially affecting intrachromosomal genetic recombination (White, 1973 (White, , 1978 Bidau, 1993; King, 1993) . Some rearrangements such as Robertsonian translocations (centric fusions) also modify interchromosomal recombination by reducing the number of independently assorting linkage groups. Hence, chromosomal rearrangements may have a profound impact on the genetic system and genetic variability of a species (Bidau, 1990 (Bidau, , 1993 Bidau et al., 2001; .
A number of chromosomal polymorphisms are known to have particular geographical distributions in which ecologically central or optimal populations tend to be highly chromosomally polymorphic while those at or near the margins of the distribution generally show very low levels of chromosomal polymorphism (Brussard, 1984; Powell, 1997) . This Central-Marginal model is particularly well studied in several species of Drosophila with paracentric inversion polymorphisms and several explanations have been proposed since Dobzhansky's and Carson's classical papers (da Cunha & Dobzhansky, 1954; da Cunha et al., 1959; Carson, 1955 Carson, , 1956 Carson, , 1958 Carson, , 1959 Carson & Heed, 1964; Soule, 1973; Wallace, 1984) . All these hypotheses rely more or less on the strong effects of paracentric inversions on crossing-over and recombination in Drosophila females (Brussard, 1984) .
The South American Melanopline grasshopper, Dichroplus pratensis, which is widespread in Argentina, is polymorphic and polytypic for a complex system of eight centric fusions which involve the six large autosomal pairs of the 2n = 19/20 standard all-telocentric karyotype and includes several chromosomal races (Bidau et al., 1991) . These translocations have a profound effect on chiasma frequency and localization (Bidau 1990 (Bidau , 1993 Bidau & Mirol 1988; and as recently discovered the distribution of the polymorphisms shows a central-marginal variation and there is significant morphological variation within the range of the species (Bidau & Martí, 2002 , 2004a . In this paper, we analyze the relationship between chiasma frequency, localisation and morphological variability in populations of D. pratensis distributed along a 22° latitudinal gradient that includes central as well as marginal populations. Central populations are highly polymorphic and display low chiasma frequencies and distal localisation in males and females, while marginal populations are all telocentric or have low frequencies of fusions but high chiasma frequencies in males (Bidau, 1990; , 2002 . Thus, marginal populations should have increased levels of genetic recombination and morphological variability. The correlation between chiasma frequency, an estimate of genetic recombination, and morphological variability was previously analyzed in several organisms (Rees & Dale, 1974; Price & Bantock, 1975; Westerman, 1983) . In the present case, however, the results do not agree with previous findings.
MATERIAL AND METHODS
A total of 334 and 275 adult males and females, respectively, of D. pratensis, from the 23 Argentine localities shown in Table  1 and Fig. 1 , were analyzed (numbers of individuals studied per population can be found in Table 1 of Bidau & Martí, 2004a) . Male karyotypes and number of chiasmata were counted in haematoxylin squashes of testes. Female mitoses were obtained from gut caeca and ovaries after injection of 0.05% colchicine. Meiosis was studied in the eggs of females that exhibited oviposition behaviour. The eggs were dissected in insect saline and fixed in 3 methanol: 1 glacial acetic acid and kept at 4°C. The exochorion was removed and the micropilar end of the egg squashed in lacto-propionic orcein . Morphological measurements of specimens were made using a micrometer (0.01 mm). Six morphological characters were measured: Total body length [BL; in order to avoid error resulting from the shrinking of the abdomen in dried specimens, this measurement was taken from the tip of the head to the distal end of the left third femur when aligned parallel to the longitudinal axis of the body, as described in Martí (2002) ], length of left femur 3 (F3L), length of left tibia 3 (T3L), length of tegmina (TeL), length of pronotum (PL) and height of pronotum (PH). The variability of each of the 6 morphological characters was evaluated using Coefficient of Variation (CV), which is s x 100/ , where s and , are the standard deviation and mean of x x the character, respectively. The CV was preferred to the variance or standard deviation as a measure of variability because character means differ significantly among populations. The CV of characters with very different means are directly comparable, while variances and standard deviations are not. (Sokal & Rohlf, 1995) . Because of allometry all six exomorphological characters are highly correlated. To avoid pseudoreplication in the statistical treatment of the data, Principal Components Analysis (PCA) was employed to analyze the relationship between morphological variability and a series of parameters used to estimate recombination, and the latitude and altitude where the populations were sampled. Three PCAs were performed: one for each sex, using 12 variables including the means of the six measurements and their respective standard deviations (SD) for each population, and a joint analysis of both sexes including 24 variables (the 12 means and their respective SDs). For PCA, the SD was preferred to the CV because the mean is included in the calculation of the latter. Ten metaphase I cells from each individual were scored for chiasmata and the mean chiasma frequency was calculated for each population; the between-cell variance in mean chiasma frequency was used as a measure of variability (Bidau & Martí, 2002) . Also, each population was characterized by its F value, which represents the mean frequency of different fusions per individual (irrespective of the fusion being homozygous or heterozygous; see Bidau, 1990) per population. This variable is useful since it is an estimate of the degree to which interchromosomal recombination is affected by centric fusions. Finally, an ad hoc recombination index (RI) was calculated for each population by adding mean chiasma frequency to the value 10-F (where F is the parameter defined above, and 10 is the number of independently-assorting elements in standard individuals). Only male chiasma frequency was considered since females invariably show the lowest possible chiasma frequency, i.e. one chiasma per chromosome arm , and between cell variance is extremely low independent of the number of fusions per cell. This RI takes into account the number of pairs of chromosomal configurations independently transmitted during meiosis and assesses both intra and interchromosomal recombination. 
RESULTS AND DISCUSSION

Variation in chiasma frequency and centric fusions
The 23 populations analyzed span 22 degrees of latitude and extend from sea level to an altitude of 2474 m ( Fig. 1 and Table 1 ). Detailed morphological analyses are published elsewhere (Bidau & Martí, 2004a) . These populations include the northernmost locality from which D. pratensis is known (Volcán, which incidentally is located at the highest known altitude for the species) as well as three Patagonian localities, which represent the southern margin of the geographical distribution (Villa Rada Tilly, Diadema Argentina and Lago Musters). The populations belong to several different chromosomal races that include centric fusions L1.L2, L1.L4, L1.L6, L2.L5, L3.L4 and L5.L6, as well as a standard (all telocentric) race (Bidau & Martí, 2002) .
The study of meiosis demonstrated that the frequencies of chiasmata and interchromosomal recombination increase with increase in both latitude (towards South) and altitude (towards North and West) (Bidau & Martí, 2002) ; both parameters are negatively correlated with a decrease in the frequencies of Robertsonian (Rb) translocations towards the margins of the geographic distribution (Bidau & Martí, 2002 , 2004a . As predicted previously, all the marginal populations turned out to be telocentric and monomorphic with high frequencies of recombination in males (Bidau et al., 1991; Bidau & Martí, 2002) . Also, the existence of two-track heredity was demonstrated, since the females invariably have minimal chiasma frequencies, independent of population and presence or absence of Rb translocations. Thus, centric fusions affect male meiosis but not the female chiasma frequency, although they dramatically modify chiasma localisation and the amount of interchromosomal recombination in both sexes. The relationship between mean chiasma frequency in each of the 23 populations and mean number of different fusions per individual per population (F) was negative and statistically highly significant (Table 2) . Between-cell variance in chiasma frequency also showed a highly significant negative correlation with F, which is expected since between-cell variance increases significantly with total chiasma frequency (Table 2) because centric fusions strongly limit the number and position of chiasmata (Bidau, 1990; , 2002 .
Variability in morphological characters
As previously shown (Bidau & Martí, 2004a) , D. pratensis exhibits ample body size variation both within and between populations along its geographical range. Females are larger than males throughout the range, although the species shows an inversion of Rensch's rule in that sexual size dimorphism (SSD) decreases as mean size increases. Absolute size of males and females is correlated with the central-marginal distribution of chromosomal polymorphisms: body size decreases and SSD increases towards the margins of the distribution (Bidau & Martí, 2004a) . However, variance in all six traits was very different in different populations (Bidau & Martí, 2004a) . On first inspection, large CVs were associated with small morphological measurements in both sexes (Table 1) , and CVs for all 6 characters of males and females, were positively correlated (Table 3) indicating that populations were more or less morphologically variable as a whole. Although significant differences in mean measurements between males and females occur throughout the range of the species (Table 4 ) the distribution of CVs is essentially similar in both sexes indicating that males and females show the same amount of morphological variability (Table 4) .
Morphological variability and estimates of recombination
Since populations of D. pratensis vary not only in mean body size but also in fusion quality and frequencies, and given that fusions have a dramatic effect on intra-and interchromosomal recombination, we tested the hypothesis that populations with low fusion frequencies (i.e. high chiasma frequencies and interchromosomal recombination) should undergo more genetic recombination than those with high fusion frequencies hence releasing more genetic variability which could be reflected in phenotypic (morphological) variability. A Principal Components Analysis (PCA) of the correlation among variables (see Materials and Methods) in males generated three components (Table 5) . It can be seen in Table 5 ponent 2, thus, this component is related to morphological variability. Component 1 was linearly regressed on the four variables used to estimate recombination, which revealed significant negative relationships with chiasma frequency, cell variance and recombination index, while the relationship with F was positive and significant as expected (Table 7 ; Fig. 2 ). An opposite result was obtained when factor 2 was used as the dependent variable in the same comparisons, indicating that morphological variability tends to increase with recombination. The parallel analysis for females (Table 5 ) was less revealing but not contradictory. Again, high loadings for the variables representing means were obtained on component 1 while components 2 and 3 shared high loadings for the variance variables (Table 7) . Slopes of regression lines tend to parallel those for males. Thus, the "size" component is negatively correlated with high levels of recombination, while the "variability" component (s) is positively correlated. The first is not surprising, since higher levels of recombination occur in marginal populations where body sizes are significantly smaller than in central populations (Bidau & Martí, 2004a) . However, the fact that the variability in morphological characters tends to increase with recombination suggests a causal relationship between morphological variability and increased levels of genetic recombination (see below). Similar results were obtained when both sexes were analysed jointly by means of PCA (Tables 6, 7 ). In general, principal components associated with size tended to be negatively correlated with levels of recombination (and positively with increase in fusion frequency), while components associated with variability tended to show the opposite trend.
Morphological variability, latitude and altitude
The decrease in body size of D. pratensis at high latitudes and altitudes indicates these grasshoppers show the converse to Bergmann's rule (Bidau & Martí, 2004a) . However, inversion of Bergmann's rule does not imply that morphological variability increases with decrease in body size. Nevertheless, that is the case in this species (Table 1) : marginal populations show the highest CVs for all morphological measurements. Marginal populations of D. pratensis occupy ecologically suboptimal environments in Patagonia in the South, and the sub-Andean localities at more than 1000 m above seal level in the West and North. These populations have the lowest F values and highest chiasma frequencies and between-cell variances. Indeed, when the principal components were plotted against latitude (Table 8) , in all cases the regression lines were quadratic, not linear. This is because both the size and variability components show opposite clines in high and low latitudes. Thus, while body size decreases at the higher latitudes (towards the south) and altitudes (towards the north), morphological variability for these characters tends to follow the opposite trend (Figs 3, 4) . This effect is more pronounced in males than in females. The same phenomenon, although somewhat attenatued, was observed for altitude (Table 8) .
Thus as predicted, marginal populations have increased levels of genetic recombination and morphological variability. The observed patterns of latitudinal distribution in morphological variability (related to changes in recombination) are more marked in males than females. This is obviously not related to recombination but probably to growth constraints that operate differentially in both sexes. D. pratensis is sexually size dimorphic with females larger than males (Bidau & Martí, 2004a that is, SSD decreases as mean body size increases (Fairbairn, 1997) . For example, in the populations analysed in this paper, the difference in mean body size between the population with the largest females and that with the smallest is 6.05 mm, while the same difference for males is 8.17 mm. Females are also less variable at the intrapopulational level and this is probably related to selection favouring early male emergence, which is correlated with duration of development and the extension of the adult season (shorter in marginal populations) (Morbey & Ydenberg, 2001; Bidau & Martí, 2004a) . Early emergence of males implies protandry and intense competition for mates which could explain the higher variability in body size in males. Balancing selection could maintain this variability because although small males may mate earlier, large males could be fitter in other respects, such as fertility. In contrast, females have a longer period of development and selection probably favours bigger body size, which, in insects is usually correlated with fecundity (Andersson, 1994) .
One of the hypotheses proposed to explain the decrease in chromosomal polymorphism at the margins of the distribution of several Drosophila species is that chromosomal rearrangements (paracentric inversions in their case) effectively inhibit intrachromosomal recombination in heterozygotes. Marginal populations would benefit from low levels of chromosomal polymorphism and higher recombination that disrupt supergenes and increase genetic variability (and thus morphological variability) (Carson, 1956 (Carson, , 1958 Carson & Heed, 1964; Brussard, 1984; Powell, 1997) . This may also apply to D. pratensis: in this species Robertsonian rearrangements inhibit crossing-over in the pericentromeric regions of fusion chromosomes in heterozygotes and homozygotes and allow the formation of supergenes, which could be adaptive in the different central environments (Chiappero et al., 2004) . Furthermore, they also decrease interchromosomal recombination and may create linkage disequilibria. Thus, the absence of fusions in marginal areas implies higher levels of genetic recombination, which could explain the observed increase in morphological variability.
An alternative hypothesis is that variability in marginal populations should be lower than in the centre, since high chiasma frequencies lead to greater release of variability, some of which would then be eliminated by natural selection, while populations with less recombination would tend to retain their variability. This was Westerman's (1983) interpretation of his data on the grasshopper Phaulacridium vittatum. This species is polymorphic for a B chromosome which increases chiasma frequency and between-cell variance. The distribution of the polymorphic B is central-marginal but in this case, marginal populations are more polymorphic (i.e. have higher B frequencies) than those in the centre ones and thus, have higher mean chiasma frequencies. As morphological vari- ability is inversely correlated with chiasma frequency in this species, Westerman (1983) proposed that most of the genetic and morphological variability released by the higher rates of recombination is rapidly lost through natural selection in marginal populations. The case we report is clearly opposite to this and it can be hypothesised that in D. pratensis, natural selection favours the maintenance (and not the elimination) of variability, that is balancing and not directional selection is probably operating (see above). In central populations, recombination and variability would have been high in the early stage of colonisation. Natural selection would have favoured individuals with those genetic combinations most adaptive in the stable conditions of the optimum habitat (thus reducing variability), which could then be preserved by newly arisen Rb fusions and their effects on recombination, also favoured by selection. In contrast, in marginal populations where the environment is harsher and constantly changing, genotypes that produce variable progeny through genetic recombination, would have been more successful because this increases the probability of survival of at least some of their offspring. This is not to say that selection would act directly on, for example, chiasma frequency because selection acts at the individual phenotypic level and high or low recombination has no fitness consequence for the individuals. However, if high recombination is linked to other phenotypic traits of high fitness value, the character could persist, and factors such as fusions, that inhibit recombination would not be favoured in the difficult conditions of marginal populations. Furthermore, genetic variability would not necessarily be lost through time if the environment changes constantly (for example, on a generation basis) so that different genotypes are adaptive at different times. Thus, some kind of balancing selection could become established. It is worth noting that the frequency of rare B chromosomes which increase chiasma frequency in the carrier cells, is higher in marginal populations of D. pratensis than in the central ones, where they are almost absent (Bidau & Martí, 2002; Bidau et al., 2004) , which reinforces the previous hypothesis. One of these B chromosomes, a mitotically unstable one, significantly increases mean chiasma frequency of males and its effect is more marked in standard individuals, which are the majority in marginal populations (Bidau, 1987) . Overrepresentation of these Bs in marginal habitats may be due to selection favouring higher recombination levels or, a consequence of centromeric drive towards acrocentric chromosomes. Although the latter hypothesis is appealing (Bidau & Martí, 2004b) the former needs to be tested.
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